Abstract: Based on their mechanical properties and good corrosion resistance, some commercial Ni-Cr stainless steels have been widely applied as biomaterials, including the austenitic 304 stainless steel, the austenitic 316 stainless steel, the duplex 2205 stainless steel, and the ferritic 430 stainless steel. In order to reduce the occurrence of infections resulting from biomaterial implants, instruments, and medical devices, Cu 2+ and Ag 2+ ions have been added onto biomaterials for increasing the antibacterial properties, but they are known to damage biofilm. The occurrence of nanoparticles can also improve the antibacterial properties of biomaterials through various methods. In this study, we used Escherichia coli and analyzed the microstructures of American Iron and Steel Institute (AISI) 430 stainless steel with a 0.18 mass % N alloy element. During a lower temperature aging, the microstructure of the as-quenched specimen is essentially a ferrite and martensite duplex matrix with some Cr 2 N precipitates formed. Additionally, the antibacterial properties of the alloy for E. coli ranged from 3% to 60%, consistent with the presence of Cr 2 N precipitates. When aged at a lower temperature, which resulted in nano-Cr 2 N precipitation, the specimen possessed the highest antibacterial activity.
Introduction
Due to their good mechanical properties, malleability, and wear resistance, metals are widely applied as bio-implant materials, such as fracture fixation devices or artificial joints in plastic surgery [1] . In particular, stainless steels and titanium alloys are commonly used in this application for their good corrosion resistance [2, 3] . For example, the austenitic 304 and 316 stainless steels are used for coronary stents, bone replacement, fracture fixation, stents, hip stems, spinal implants, and cables. The duplex 2205 stainless steel is used in mini-screw implants in orthodontic dentistry. In addition, the ferritic 430 stainless steel is used in surgical and dental instruments. Meanwhile, titanium alloys are used in bone replacement, load-bearing sites, hip or dental prostheses, spinal cages, and artificial hip joints [4] [5] [6] [7] [8] [9] [10] .
On the other hand, blood compatibility and bio-surface activity are major concerns in biomaterial application. Moreover, bacteria may adhere to the surface of medical devices, forming a biofilm that can cause postoperative infections. For biomaterial research, most studies have reported that ion Metals 2016, 6, 73 2 of 9 exchange could improve the antibacterial properties of the biomaterial for solid solutions to incorporate antibiotics into metals. Dong et al. [11] described an antibacterial method for production of inorganic antibacterial materials in which an antibacterial agent was produced based on the intrinsic antibacterial capacity of the metal using ion exchange, physisorption, or combination with SiO 2 or other porous materials through photocatalysis by TiO 2 . Yan et al. [12] explained that binding of electropositive metal ions with amino groups and other electronegative ions in proteins and nucleic acids would result in more rapid degradation of proteins, blocking the metabolic functions of bacteria and thus achieving antibacterial effects. It is noted that the various antibacterial mechanisms could improve the antibacterial properties of a biomaterial. Li et al. [13] claimed that some precipitation of copper ions on the austenitic 304 stainless steel with 3.88 mass % copper resulted in antibacterial effects through inhibition of biofilm growth. Yang and Nan [14, 15] also proposed that copper ions had excellent reducing capacity and could destroy the cell wall and membrane of Escherichia coli cells by binding with electrons in the bacteria, resulting in loss of the cytoplasm, oxidation of the nucleus, and death of the bacterial cells. Meanwhile, for the austenitic 304L stainless steel with added 4 mass % copper, Zhu et al. [16] found that the copper ions precipitated on the material surface, resulting in complete destruction of E. coli and Staphylococcus aureus cells. In addition, silver ions have also been added to the stainless steel for their antibacterial property. Chang [17] found that the addition of silver on 2205 duplex stainless steel would induce the release of silver ions and penetrate the cell walls of E. coli and S. aureus, resulting in suppression of metabolic function and cell death. Lin [18] also found that the addition of 0.03 mass % silver on the ferritic 430 stainless steel may increase the antibacterial rate to 80%. Various concentrations of silver added onto austenitic 316L stainless steel have been studied by Zeng [19] . Based on these studies, it seems that a higher silver proportion in the alloy would lend higher antibacterial capacity, ranging from 94% to 99%.
However, adding trace amounts of antibacterial alloy facilitates biocompatibility. Zhang et al. [20] added copper as an antibacterial factor into 304 stainless steel and showed that the protease of the experimental animal required a low concentration (3.9%) of copper ions to facilitate bone growth. Chu [21] found that good biocompatibility could also be achieved by adding a nitrogen alloy element. For example, good surface properties were obtained by adding nitrogen into diamond-like carbon, and good blood compatibility was achieved in platelet tests.
However, little information could be found about how adding nitrogen to the commercial stainless steel affected the antibacterial property. Therefore, the main purpose of the present study is to investigate the E. coli antibacterial properties of the ferritic 430 stainless steel with 0.18 mass % nitrogen. Moreover, in order to clarify the effects of the precipitation of the alloy on the antibacterial properties, a microstructural analysis of the present alloy is also performed.
Materials and Methods

Sample Preparation
The chemical composition of a commercial material (China Steel Corporation, Kaohsiung, Taiwan), designed as Sample A, is shown in Table 1 . In the meantime, the alloys with various heat treatments, designated as Samples B to E, were prepared using commercial 430 stainless steel and nitrogen-chromium iron (Fe-30 mass % Cr-6.67 mass % N) in an air induction furnace. Being heated at 1000˝C/2 h, the ingots were hot-forged into rods with a diameter ϕ = 12 mm and length L = 180 mm. The rods were also heated at 880˝C for 1 h for solution heat treatment. Next, various aging processes were performed including 450˝C for 16 h, 500˝C for 4 h, and 550˝C for 1 h. After heated treatment, the rods were milled to diameter ϕ = 10˘0.05 mm, and cut into discs with a thickness t = 1.50˘0.05 mm. The cells were then centrifuged (4˝C, 3000 rpm, 10 min), and the supernatant was discarded. Next, cells were resuspended in 1 mL LB broth, and the OD 600 of the diluted bacterial solution was measured. One hundred microliters of the diluted 1ˆ10 5 CFU/mL bacterial solution was dripped onto pre-sterilized steel, and the four-well chamber containing steel samples was placed in a thermostat at 37˝C for 20 h. Finally, the steel was rinsed, and the bacteria-smeared plates were collected. Steel test pieces were removed from the thermostat and washed with 1 mL PBS. The bacterial solution was diluted, and the OD 600 was measured. The bacterial solution was serially diluted (10 3 , 10 4 , 10 5 , 10 6 , and 10 7 ), and the diluted solutions were used for repeated plate smearing and analysis of bacteriostatic effects.
Microstructure Analysis
Scanning electron microscope (SEM) were performed on JSM-6380 (JEOL, Tokyo, Japan) at 20 kV after etching in 5 mL HCl + 15 mL HNO 3 + 80 mL ethanol reagent. Electron microscopy specimens were prepared by means of a double-jet electropolisher with an electrolyte of 90% ethanol + 10% perchloric acid reagent. The polishing temperature was kept in the range from´20 to 0˝C, and the voltage was kept at 20 V. Transmission electron microscope (TEM) was performed on CM200 FEG (PHILPLIES, Hillsboro, OR, USA) and JEM-2000FX (JEOL, Tokyo, Japan) at 200 kV. The crystallographic analyses of precipitates and matrix were accompanied by a selected area diffraction pattern (SADP, JEOL, Tokyo, Japan) and bright field (BF) electron micrograph (JEOL, Tokyo, Japan).
Results
Based on the E. coli examinations, the amount of E. coli bacteria is between 1.88ˆ10 6 -5.2ˆ10 6 , as shown in Figure 1a . The E. coli bacterial rate is between 3% and 60%, as shown in Figure 1b . It is revealing that the addition of nitrogen on the ferritic 430 stainless steel would destroy E. coli cells, resulting in an increased bacterial rate. In Figure 1 , it is also shown that the optimal bacterial rate would occur in Sample C, which has the lowest temperature aging process.
The microstructure of the specimen designated Sample A is a ferrite matrix and martensite duplex phase. A typical SEM electron micrograph, taken from the as-quenched specimen, is shown in Figure 2 . Figure 3a ,b gives two BFs TEM electron micrographs, taken from the as-quenched specimen, indicating the ferrite and martensite phases, respectively. Figure 3c ,d shows two SADPs, the foil normal widths are g = 011 ferritic matrix and g = 111 martensitic matrix, respectively. Based on the TEM examination, it is shown that some dislocations are formed within the ferrite matrix, as shown in Figure 3a . However, in Figure 3b , the density of dislocation within the martensite matrix would be higher than in the ferrite matrix. When 0.18 mass % nitrogen was added on the 430 stainless steel, the microstructure of the alloy was essentially similar to the commercial 430 stainless steel.
Based on the E. coli examinations, the amount of E. coli bacteria is between 1.88 × 10 6 -5.2 × 10 6 , as shown in Figure 1a . The E. coli bacterial rate is between 3% and 60%, as shown in Figure 1b . It is revealing that the addition of nitrogen on the ferritic 430 stainless steel would destroy E. coli cells, resulting in an increased bacterial rate. In Figure 1 , it is also shown that the optimal bacterial rate would occur in Sample C, which has the lowest temperature aging process. The microstructure of the specimen designated Sample A is a ferrite matrix and martensite duplex phase. A typical SEM electron micrograph, taken from the as-quenched specimen, is shown in Figure 2 . Figure 3a,b gives two BFs TEM electron micrographs, taken from the as-quenched specimen, indicating the ferrite and martensite phases, respectively. Figure 3c ,d shows two SADPs, the foil normal widths are g = 011 ferritic matrix and g = 111 martensitic matrix, respectively. Based on the TEM examination, it is shown that some dislocations are formed within the ferrite matrix, as shown in Figure 3a . However, in Figure 3b , the density of dislocation within the martensite matrix would be higher than in the ferrite matrix. When 0.18 mass % nitrogen was added on the 430 stainless steel, the microstructure of the alloy was essentially similar to the commercial 430 stainless steel.
(a) (b) A typical TEM electron micrograph is shown in Figure 4 , which is a BF TEM electron micrograph of the as-quenched specimen designated Sample B. However, some extra fine precipitates are observed within the as-quenched specimen during the aging process, as shown in Figure 5a . Figure 5b shows a SADP taken from an area of the as-quenched specimen designated Sample C, aged at 450˝C for 16 h and covered with the precipitates and matrix. The foil normal width is g = 1120. It is revealing that the precipitates are Cr 2 N nitride, which has an HCP structure with lattice parameters a = 0.278nm and c = 0.446 nm. Moreover, the particle size of the Cr 2 N precipitate is between 3.57 nm and 7.14 nm. Increasing the aging temperature to 500˝C for 4 h, the microstructure of the specimens is essentially similar to Sample C. However, the particle size of the Cr 2 N precipitate would increase in the range of 28.5-68.7 nm, as shown in Figure 6 . When aged at 550˝C for 1 h, the morphology of the Cr 2 N precipitate would become a rod type, as shown in Figure 7 . It is noted that the presence of Cr 2 N precipitates would be consistent with the antibacterial properties of the alloy for E. coli, and the smaller size of Cr 2 N precipitation would result in a higher bacterial rate. A typical TEM electron micrograph is shown in Figure 4 , which is a BF TEM electron micrograph of the as-quenched specimen designated Sample B. However, some extra fine precipitates are observed within the as-quenched specimen during the aging process, as shown in Figure 5a . Figure 5b shows a SADP taken from an area of the as-quenched specimen designated Sample C, aged at 450 °C for 16 h and covered with the precipitates and matrix. The foil normal width is g = 1120. It is revealing that the precipitates are Cr2N nitride, which has an HCP structure with lattice parameters a = 0.278nm and c = 0.446 nm. Moreover, the particle size of the Cr2N precipitate is between 3.57 nm and 7.14 nm. Increasing the aging temperature to 500 °C for 4 h, the microstructure of the specimens is essentially similar to Sample C. However, the particle size of the Cr2N precipitate would increase in the range of 28.5-68.7 nm, as shown in Figure 6 . When aged at 550 °C for 1 h, the morphology of the Cr2N precipitate would become a rod type, as shown in Figure 7 . It is noted that the presence of Cr2N precipitates would be consistent with the antibacterial properties of the alloy for E. coli, and the smaller size of Cr2N precipitation would result in a higher bacterial rate. A typical TEM electron micrograph is shown in Figure 4 , which is a BF TEM electron micrograph of the as-quenched specimen designated Sample B. However, some extra fine precipitates are observed within the as-quenched specimen during the aging process, as shown in Figure 5a . Figure 5b shows a SADP taken from an area of the as-quenched specimen designated Sample C, aged at 450 °C for 16 h and covered with the precipitates and matrix. The foil normal width is g = 1120. It is revealing that the precipitates are Cr2N nitride, which has an HCP structure with lattice parameters a = 0.278nm and c = 0.446 nm. Moreover, the particle size of the Cr2N precipitate is between 3.57 nm and 7.14 nm. Increasing the aging temperature to 500 °C for 4 h, the microstructure of the specimens is essentially similar to Sample C. However, the particle size of the Cr2N precipitate would increase in the range of 28.5-68.7 nm, as shown in Figure 6 . When aged at 550 °C for 1 h, the morphology of the Cr2N precipitate would become a rod type, as shown in Figure 7 . It is noted that the presence of Cr2N precipitates would be consistent with the antibacterial properties of the alloy for E. coli, and the smaller size of Cr2N precipitation would result in a higher bacterial rate. 
Discussion
The precipitates produced in this study were metal nanoparticles, which exhibited a grain size of 3.57-68.5 nm, as calculated from Figure 5 . There are three main antibacterial mechanisms of metal nanoparticles. Díaz-Visurraga et al. [22] found that nanoparticles entered into bacteria cells to block bacterial anabolism and DNA replication, produced reactive oxygen species to oxidize bacterial cells and cause damage to membranes, and dissolved the bacterial cell membrane to change conductivity and alter the consuming power of protons in cells. However, the antibacterial element nitrogen is rarely added to metals; in most cases, nitrogen has been bound to organic compounds for antibacterial experiments. The antibacterial properties of nitrogen were also confirmed by the experimental results of Dunnill et al. [23] , in which nitrogen was added into TiO2 film by photocatalysis, and the results showed that this material killed 99.9% of E. coli. Zhang et al. [24] added nitrogen to medical polymers by plasma immersion ion implantation, thereby increasing both the amount of nitrogen bound to cellular proteins and the number of dead cells. These results suggested that antibacterial activity was increased after adding nitrogen. The precipitates from this alloy were nanoparticles that could induce cytotoxicity or enter into the cytoplasm through the cell membrane via an electrostatic interaction formed between the alloy and cell membrane [25] [26] [27] . These interactions would cause damage to the cell membrane and wall, resulting in gradual loss of cytoplasm, reduced metabolic and growth abilities, and eventual cell death [27] .
In this study, after high-temperature solid solution treatment at 880 °C, the matrix of the alloy cast microstructure was in the α phase. According to chromium-iron binary phase diagrams [28] , a Cr content of 17 wt. % results in the ferrite α phase. Aging treatment performed at 800 °C produced the α phase and precipitates, and the martensite phase was also observed. With increased aging time, the binding force between N and Cr increased, producing Cr2N, which subsequently precipitated [29] . Shen et al. [30] performed aging treatments at 1050 °C for 1 h and 600-780 °C for 2 h for ferrite and martensite duplex stainless steel containing 11% Cr and observed stripe-like Cr2N precipitates after aging for 2 h at 650 °C. Sung et al. [29] performed aging at 1100 °C for 15 min 
The precipitates produced in this study were metal nanoparticles, which exhibited a grain size of 3.57-68.5 nm, as calculated from Figure 5 . There are three main antibacterial mechanisms of metal nanoparticles. Díaz-Visurraga et al. [22] found that nanoparticles entered into bacteria cells to block bacterial anabolism and DNA replication, produced reactive oxygen species to oxidize bacterial cells and cause damage to membranes, and dissolved the bacterial cell membrane to change conductivity and alter the consuming power of protons in cells. However, the antibacterial element nitrogen is rarely added to metals; in most cases, nitrogen has been bound to organic compounds for antibacterial experiments. The antibacterial properties of nitrogen were also confirmed by the experimental results of Dunnill et al. [23] , in which nitrogen was added into TiO 2 film by photocatalysis, and the results showed that this material killed 99.9% of E. coli. Zhang et al. [24] added nitrogen to medical polymers by plasma immersion ion implantation, thereby increasing both the amount of nitrogen bound to cellular proteins and the number of dead cells. These results suggested that antibacterial activity was increased after adding nitrogen. The precipitates from this alloy were nanoparticles that could induce cytotoxicity or enter into the cytoplasm through the cell membrane via an electrostatic interaction formed between the alloy and cell membrane [25] [26] [27] . These interactions would cause damage to the cell membrane and wall, resulting in gradual loss of cytoplasm, reduced metabolic and growth abilities, and eventual cell death [27] .
In this study, after high-temperature solid solution treatment at 880˝C, the matrix of the alloy cast microstructure was in the α phase. According to chromium-iron binary phase diagrams [28] , a Cr content of 17 wt. % results in the ferrite α phase. Aging treatment performed at 800˝C produced the α phase and precipitates, and the martensite phase was also observed. With increased aging time, the binding force between N and Cr increased, producing Cr 2 N, which subsequently precipitated [29] . Shen et al. [30] performed aging treatments at 1050˝C for 1 h and 600-780˝C for 2 h for ferrite and martensite duplex stainless steel containing 11% Cr and observed stripe-like Cr 2 N precipitates after aging for 2 h at 650˝C. Sung et al. [29] performed aging at 1100˝C for 15 min using 430 ferrite stainless steel plates and found 130-µm martensite structures in the microstructure of ferrite. Mola et al. [31] performed hot rolling of 430 ferrite alloy with argon in a vacuum and found that martensite was formed in the microstructure of ferrite. Erneman et al. [32] added nitrogen to 347 austenitic stainless steel and examined changes in the precipitates after heat treatment. The results showed that after prolonged aging treatment, Cr 2 N precipitates were produced due to increased binding between N and Cr. Additionally, the grain boundary thickened over time, and more Cr 2 N precipitated from the grain boundary. The microstructure results for the precipitates and phases were similar to our current study.
In this study, the antibacterial element nitrogen was added into alloys and precipitated by aging treatment. The bacterial solution was then added, and the observed decrease in bacterial cell counts indicated the antibacterial properties of this precipitate [33, 34] . In the experiment conducted by Chieh [35] , if the content of the antibacterial element was not sufficient for precipitation on the surface, no antibacterial properties were observed. By adding a solid solution containing the antibacterial element, the amount of precipitate also increased over time during aging. However, as shown in Figure 1 , Samples A and B had very low antibacterial activities, likely because the microstructures produced in Samples A and B had dislocations but no precipitates; thus, the presence of a precipitate was correlated with antibacterial activity. Compared with Samples A and B, Samples C-E exhibited dramatically different antibacterial activities, with Sample C showing the best antibacterial activities and a granular microstructure. In contrast, Samples D and E exhibited block-like and stripe-like structures, with the latter resembling a meteor shower, similar to the experimental results of Shi et al. [36] . In this prior study, heat treatment of the Fe-18Cr-12Mn-0.48N alloy was carried out, after which Cr 2 N was produced by Cr binding with precipitated N. The original precipitates were granular and changed to a lamellar structure as the temperature increased. Van Landeghem et al. [37] calculated the diffusion of nitrides in ferrites and the growth of grains and grain boundaries. They found increased precipitation of nitride particles as the nitrogen concentration progressively increased in the solid solution. The density of Cr 2 N particles was constant, and the equilibrium volume fraction of particles and the time at which coarsening began depended on the chromium content in the solid solution. Therefore, the size of precipitated grains grew with time. The gradually increasing size of precipitated grains may cause uneven antibacterial properties, and we conclude that the shape of the precipitates may be associated with antibacterial properties.
Conclusions
When 0.18 mass % nitrogen added on the 430 stainless steel, some Cr 2 N precipitates were formed within the matrix with different morphologies during various heated treatments. Aged at 450˝C/16 h, Cr 2 N precipitates would be nanoparticles with the size of 3.57-7.14 nm. In addition, the antibacterial rate of this specimen would be 60%. Upon increasing the aging temperature, the Cr 2 N precipitates would increase. Moreover, the antibacterial rate of the specimen would decrease. It is implied that the Cr 2 N precipitates were correlated with antibacterial effects toward E. coli, and the antibacterial rate ranged from 3% to 60%. However, it is noted that the present results have never been reported before.
